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S1 Seroprevalence data

The data figure in the main text (Fig. 1) captures two important aspects of the data: (I) seropreva-
lence by region, and (II) relative sample size for each observation. The latter is necessary to iden-
tify artificially high or low seroprevalences that result from small sample sizes. Table S1 displays
the year, sampling dates, seroprevalence, and number of samples for each study site. Importantly,
we note that sample dates ranged from April to August, and seropositive bats are identified in
each of these months. The presence of seropositive bats in all regions in all sampled months indi-
cates that the observations are likely not the result of isolated epizootics (as observed in Figs. 3A
and 3C in the main text), and instead seropositive bats are consistently found throughout the year.

S2 Estimation of seasonal birth rate

Seasonality has been observed in vampire bat births; for example, an increase in number of births
during the wet season was suggested by [16]. This observation was also made in Argentina,
with a greater percentage of lactating females and a lower percentage of pregnant females during
the wet season [9]. Assuming that increased lactation is correlated with the number of females
that recently gave birth, we estimate seasonal birth rates by fitting a cosine function to the data
provided in [9]. Specifically, the cosine function takes the form:

r(t) = b+A cos (2π(t− φ)/365) (S1)

where r(t) is the daily birth rate. The data is given in terms of percent of females lactating which
provides an indicator of the timing of females giving birth, and we fit the above function to the
data using nonlinear least squares, arriving at:

r(t) = 26.6581 + 16.4565 cos (2π(t− 32.6747)/365). (S2)

Finally, this is rescaled so that the mean birth rate is given by one pup per female per year (assum-
ing a 1:1 sex ratio), or r = 0.5/365 [15]. We arrive at the estimation:

r(t) = 0.5/365 + 8.4563 ∗ 10−4 cos (2π(t− 32.6747)/365). (S3)

Fig S1 displays these results.

S3 Methods for parameter estimation

Table S2 displays all model parameters, descriptions, and known values. In this section we de-
scribe our methodology for estimating the parameters θ = (βN , βR, α, φ) where βN and βR are
the transmission rates from infectious bats that have not yet developed clinical rabies and clin-
ically rabid bats, respectively, α is the probability of developing lethal infection upon exposure,

S-2



Rabies epizoology in vampire bats Blackwood et al.

Table S1. Field data

SITE DEPARTMENT PROVINCE YEAR SAMPLING DATES SEROPREV SAMPS

API1 Apurimac Chincheros 2007 7/17 0 12
2009 5/18-21 0 19
2010 8/30,31, 9/1 0.179 28

API4 Apurimac Chincheros 2007 7/19 0.250 4
API3 Apurimac Chincheros 2007 7/18 0.238 21

2010 9/2 0.065 31
API9 Apurimac Chincheros 2007 8/1 0.222 18

2009 5/12-15 0.056 18
2010 8/25-28 0.070 43

API13 Apurimac Abancay 2009 5/26-29 0.129 62
2010 9/6-8 0.385 13

API138 Apurimac Aymaraes 2010 9/9 0 4
API140 Apurimac Aymaraes 2010 9/10 0.067 30
CAJ01 Cajamarca Chota 2009 6/30, 7/2-4 0.074 68

2010 6/30, 7/2-4 0.032 94
CAJ02 Cajamarca Cutervo 2009 6/18-21 0.085 47

2010 7/9,11,12 0.069 102
CAJ03 Cajamarca Cutervo 2009 6/25-28 0.111 9

2010 7/6-8 0 22
CAJ04 Cajamarca San Ignacio 2010 7/14/10 0.222 18
LMA10 Lima Huaral 2007 8/3 0.5 4

2009 4/22-24 0 36
2010 5/25, 6/21-23 0.098 51

LMA4 Lima Caete 2007 7/31 0 2
2009 4/20,21, 6/3,4 0.364 11
2010 8/19-21 0.130 23

LMA5 Lima Barranca 2007 8/1 0.333 15
2009 5/7-9 0 8
2010 5/21 0.227 22

LMA6 Lima Huaura 2007 8/2 0.217 23
2009 5/4-6 0.023 44
2010 5/17-20 0.157 102

LMA8 Lima Huaral 2007 8/2 1 1
2009 4/27 0.250 12
2010 5/24 0 2

MDD134 Madre de Dios Tambopata 2007 7/23 0 3
2008 7/15,22,23,25,26,28,29, 8/8 0.053 19
2009 7/27, 10/9,10,13-15,24 0.067 15
2010 8/6-8,15 0 6

MDD130 Madre de Dios Manu 2009 6/20, 7/16,17,21 10/17,19,20 0.067 15
2010 8/11-14 0.143 7
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Figure S1. Estimate of seasonal births

and φ is the contribution of immigration to the force of infection. We imposed the restriction that
0.05 ≤ α ≤ 0.85 as suggested by current estimates ([1, 2, 3]), and we additionally imposed the
restriction that 0 ≤ R0 ≤ 3. For each site we assumed that the initial population size is given by
the mean of the field estimates between 2007 and 2010, where the field estimates were found using
standard capture-recapture methods [11]. Further, colony sizes vary by region, so we simply de-
fined the carrying capacity in each region as the largest colony observed between 2007 and 2010.
Further, we note that our analysis assumed independence between sites. However, sites were
intentionally spaced at least 20km apart to avoid mixing of bats between sampled colonies. To
further justify this assumption, we performed Mantel tests of the association between geographic
distance and seroprevalence between sites. This was tested both at the national scale and within a
region, and in all cases there is no statistical significance with associated p-values of > 0.05.

Our estimation work utilized particle filtering, implemented from the POMP 0.36-1 package of the
statistical computing language R [4, 5]. After implementing fully stochastic versions of our models
using the τ -leap method (an approximation to Gillespie’s algorithm) [6, 7, 8], we used particle fil-
tering to perform a grid search over all parameters θ and compute the log likelihood at each point.
A grid search algorithm was used not only to identify the maximum likelihood estimate (MLE),
but to characterize relationships between parameters and parameter sensitivities. We conducted a
grid search over α and φ and for each parameter combination we find the likelihood by maximiz-
ing the likelihood over βN and βR. In other words, we first defined a 2-dimensional grid over α
and φ. For each fixed combination of these two parameters, we then performed a grid search over
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all plausible transmission parameters βN and βR. The associated maximum likelihood estimate
for βH and βR is then defined as the likelihood estimate for that fixed α and φ. This output is then
used to produce the contour plot in Fig. 3 in the main text as well as the contour plots below.

To estimate the likelihood for each parameter set θ, particle filtering requires specification of the
“process” model that describes the true transmission dynamics within a single bat colony and an
“observation” model that relates model variables to field data. The process model is given by our
transmission models, and we assumed that the field data follow a binomial distribution so that
for a given study site s and sample date t, the number of seropositive individuals k is given by

k ∼ Bin(n, p)

where n is the number of samples collected, and p is the seroprevalence predicted by the process
model for a given parameter set θ. For each plausible parameter set θ, given a site s we used 2500
particles to first run out transient dynamics resulting from our choice of initial conditions for 5
years and then computed the conditional likelihood at each associated sample time t (i.e. Lst (θ)).
The likelihood for a given site is given by the product of the conditional likelihoods, or the sum of
the conditional log likelihoods:

logLs(θ) =
d∑
t=1

logLst (θ).

where d is the number of sample dates for a given site s. For each region, we then compute the
total log likelihood by summing over each site within that region so that

logLR(θ) =
q∑
s=1

logLs(θ)

where q is the number of sites in the given region. Finally, the log likelihood at the national level
is simply given by the sum over all regions, or

logLT (θ) =
4∑

R=1

logLR(θ).

S4 Full model descriptions & results

In this section, we completely describe each model for rabies transmission dynamics as proposed
in the main text:

(I) Temporary immunity & lethal infection. Following exposure to VBRV, bats may either develop
temporary immunity or acquire a non-immunizing infection that is always lethal.

(II) Recovery from infectious states. Although controversial, evidence from experimentally in-
fected vampire bats suggests that some bats may transiently excrete virus in their saliva
prior to recovery [2]. We therefore considered a scenario similar to model I but with a small
proportion of infectious bats recovering to acquire temporary immunity.
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Table S2. Model parameters

PARAMETER DESCRIPTION VALUE Source

r(t) Seasonal birth rate See section S2 [9, 10]
K Carrying capacity Varies by region [11]
1/ε Mean duration of time in T class 4.5 months [12, 13]
1/τ1 Mean duration of time in E class 21 days [1]
1/τ2 Mean duration of time in IN class 5.78 days [1]
1/δ Mean duration of time in IR class 6 days [1]
1/µ Average lifespan 3.4 years [14, 15]
βN Transmission rate from bats in IN class Estimated –
βR Transmission rate from bats in IR class Estimated –
α Probability of infection given exposure Estimated –
φ Contribution of immigration to FOI Estimated –
c * Strength of immune boosting Estimated –
ρ † Probability of succumbing to infection Estimated –

*Model III only
† Model II only

(III) Immune boosting. Experimental evidence from big brown bats (Eptesicus fuscus) suggests that
repeat exposure to rabies virus could boost a bat’s immune response, thus extending the
duration of the protected period [17]. We therefore considered a model in which re-exposure
depends on the presence of infectious bats, as measured by the per capita infection hazard
(i.e. the force of infection).

(IV) Lifelong immunity. As in model I, but immunity following exposure is lifelong.

Each model assumes that bats either develop immunity or acquire a lethal, non-immunizing in-
fection upon exposure. Challenge studies have been conducted in vampire bats, and in all studies
that included serology, some proportions of bats seroconverted as evidenced by production of ra-
bies virus neutralizing antibodies (VNAs) and survived. The proportion of bats that survived is
dose dependent. Given that VNAs are considered the gold standard for protection against rabies
following vaccination in humans or domestic animals, it is likely that the animals that seroconvert
and survive have some degree of protection. Given that bats can live many years in captivity,
it has been impossible to discern whether these antibodies give lifelong immunity; therefore, we
consider scenario IV in which immunity is lifelong.

For each model, a contour map of the likelihoods for infection probability α versus the effect of
immigration φ is provided in addition to sample simulations from qualitatively different regions
of the contour plot. In a later section, we describe the results for our estimates of βH and βR.

Model I (temporary immunity & lethal infection) assumes that a proportion of exposed individ-
uals (α) acquires infection and rabies infection is always lethal. The proportion of individuals
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that do not develop clinical rabies (1− α) enter a state with temporary immunity and re-enter the
susceptible class at a rate ε:

dS

dt
= r(t)N(1− N

K
)− (βNIN/N + βRIR/N + φ)S + εT − µS (S4)

dE

dt
= (βNIN/N + βRIR/N + φ)S − (τ1 + µ)E (S5)

dT

dt
= (1− α)τ1E − (ε+ µ)T (S6)

dIN
dt

= ατ1E − (τ2 + µ)IN (S7)

dIR
dt

= τ2IN − (δ + µ)IR (S8)

The first alternative model that we propose, model II, allows for some individuals that are infec-
tious but have not yet developed clinical rabies (i.e. IN bats) to recover. Specifically, this model
assumes that a fraction 1 − ρ of IN bats may develop temporary immunity and subsequently re-
enter the susceptible class. To determine the best estimate of 1 − ρ, we use particle filtering as
described in previous sections to create a profile likelihood over 1 − ρ, where 0 ≤ 1 − ρ ≤ 0.5
(Figure S2). Surprisingly, the profile is very flat, with the 95% CI encompassing all values. The
MLE corresponds to 1 − ρ = 0.3, or 30% of infectious individuals cannot recover. This value is
used for the remainder of the analysis.

dS

dt
= r(t)N(1− N

K
)− (βNIN/N + βRIR/N + φ)S + εT − µS (S9)

dE

dt
= (βNIN/N + βRIR/N + φ)S − (τ1 + µ)E (S10)

dT

dt
= (1− α)τ1E + (1− ρ)τ2IN − (ε+ µ)T (S11)

dIN
dt

= ατ1E − (τ2 + µ)IN (S12)

dIR
dt

= ρτ2IN − (δ + µ)IR (S13)
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Figure S2. (A) Profile likelihood of 1− ρ, the probability of developing temporary immunity after entering the infectious class, IN .
The 95% CI encompasses all values of 1− ρ. (B) Profile likelihood of the strength of immune boosting, c, plotted on a log scale. The
95% CI is found using the likelihood ratio test, and the vertical dashed line represents the upper bound of the 95% CI and all values
within the CI lie above the horizontal line. Here, the 95% CI contains lower values of c. In each plot, for several values of 1− ρ and c
the corresponding maximum likelihood estimate is displayed. In (A) the likelihood surface is very flat over all tested values. The flat
profile will likely remain flat if we extend this plot to even higher values of 1− ρ, but these scenarios are biologically unrealistic. In
(B) this model approaches the case of lifelong immunity as c increases so that the log likelihood decreases as c increases.

In the second alternative model, model III, we propose that the temporary immunity may be
boosted. We make the simple assumption that as the force of infection increases, the rate that
individuals return to the susceptible class is slowed. This results in the following model:

dS

dt
= r(t)N(1− N

K
)− (βNIN/N + βRIR/N + φ)S + e(−cλ)T − µS (S14)

dE

dt
= (βNIN/N + βRIR/N + φ)S − (τ1 + µ)E (S15)

dT

dt
= (1− α)τ1E − (εe(−cλ) + µ)T (S16)

dIN
dt

= ατ1E − (τ2 + µ)IN (S17)

dIR
dt

= τ2IN − (δ + µ)IR (S18)

The constant c indicates a measure of the strength of immune boosting and we again find the
profile likelihood over c to determine its MLE, which corresponds to 10 (Figure S2).
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Figure S3. Contour plot of the log likelihood of infection probability α versus the effects of immigration φ when infectious but
clinically healthy bats (class IN ) can recover (model II). This plot uses ρ = 0.30, or on average 30% of bats recover. Parameters for
sample simulations: (top left) α = 0.85, φ = 10−5, (top right) α = 0.85, φ = 10−3, (bottom left) α = 0.05, φ = 10−5, (bottom right)
α = 0.05, φ = 10−3. Shading indicates the proportion of seropositive individuals with temporary immunity (T , light red) and
proportion of seropositive individuals that are infectious (IN + IR, light blue).

In the final model, model IV, we propose that individuals that do not become infectious following
exposure develop permanent immunity, or

dS

dt
= r(t)N(1− N

K
)− (βNIN/N + βRIR/N + φ)S − µS (S19)

dE

dt
= (βNIN/N + βRIR/N + φ)S − (τ1 + µ)E (S20)

dT

dt
= (1− α)τ1E − µT (S21)

dIN
dt

= ατ1E − (τ2 + µ)IN (S22)

dIR
dt

= τ2IN − (δ + µ)IR (S23)

As discussed in the main text, this model exhibits differences in the parameter estimates and cor-
responding confidence intervals compared to the other models. However, the intrinsicR0 remains
less than one which demonstrates that immigration still plays a fundamental role in driving long-
term viral persistence. Figure S5 highlights the differences through sample simulations. In this
model, regardless of infection probability α, viral persistence is maintained via immunizing, non-
lethal exposures (i.e., ’abortive’ infections). This is a direct result of the assumption of lifelong
immunity. The optimal φ is also lower than that found in the previous models because higher
immigration levels result in overestimates of the true seroprevalence. Again, we emphasize that
based on the MLE this model provides a much less plausible explanation of the data.
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Figure S4. Contour plot of the log likelihood of infection probability α versus the effects of immigration φ when immune boosting
may occur (model III). Parameters for sample simulations: (top left) α = 0.85, φ = 10−5, (top right) α = 0.85, φ = 10−3, (bottom
left) α = 0.05, φ = 10−5, (bottom right) α = 0.05, φ = 10−3. Shading indicates the proportion of seropositive individuals with
temporary immunity (T , light red) and proportion of seropositive individuals that are infectious (IN + IR, light blue).

S4.1 Maximum likelihood estimates

Here we present MLE for each of our four competing models (Table S3). As discussed above,
models I-III have similar MLEs and confidence bounds, indicating that a high value of φ with a
corresponding low value of α is essential for the model to accurately represent the observed data.
This is independent of the underlying immune mechanisms for these models. Further, we note
that α > 0, so while this is a lower bound for some model estimates, the CI does not include the
value 0.

We tested values of the probability of recovering from infection (1 − ρ) in model II ranging from
0-50%, each of which fall in the 95% CI. In other words, the effect of parameters α and φ are much
more critical in the underlying dynamics. Further, for model III the MLE corresponds to c = 10
with an associated total boosting coefficient (e−cλ) that is very close to one, essentially collapsing
back to model I. As the value of c becomes large, model III then approaches the model with lifelong
immunity, thereby decreasing the likelihood.
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Figure S5. Contour plot of the log likelihood of infection probability α versus the effects of immigration φ when acquired immunity
is lifelong (model IV). Parameters for sample simulations: (top left) α = 0.85, φ = 10−5, (top right) α = 0.85, φ = 10−3, (bottom left)
α = 0.05, φ = 10−5, (bottom right) α = 0.05, φ = 10−3. Shading indicates the proportion of seropositive individuals with
temporary immunity (T , light red) and proportion of seropositive individuals that are infectious (IN + IR, light blue).

Table S3. Maximum likelihood estimates

MODEL PARAMETER DESCRIPTION VALUE & 95% CI

I α Lethal infection probability 0.1(0, 0.29)
φ Contribution of immigration to FOI 10−3.25(10−3.51, 10−2.83)

II α 0.1(0, 0.43)
φ 10−3.25(10−3.57, 10−3.01)
1− ρ Probability of recovering from infection 0.3(0, 0.5)

III α 0.1(0, 0.29)
φ 10−3.25(10−3.53, 10−3)
c Strength of immune boosting 10(1, 104.05)

IV α 0.5(0, 0.89)
φ 10−4.2(10−4.53, 10−3.49)

S4.2 Regional results

In addition to finding the MLE for our model over all sites within Peru, we also found the MLE
at the regional scale. In this section we briefly describe the regional results using the model with
lethal infection and temporary immunity. The data is separated by administrative department in
Peru, and we number them as follows:
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A1 Apurimac (Andes, 6 sites)

A2 Cajamarca (Andes, 4 sites)

A3 Lima (Coast, 5 sites)

A4 Madre de Dios (Amazon, 2 sites)

where number of sites sampled within that department as well as the region of Peru the depart-
ment is located are in parentheses. Figure S6 displays a contour plot of the likelihood values
for infection probability, α, versus contribution of immigration to the force of infection, φ. Inter-
estingly, the regional results closely match those found at the national level: there is a tradeoff
between α and φ, with the maximum likelihood values corresponding to a low infection proba-
bility with high immigration. The corresponding 95% CIs are much larger than that observed in
Figure S6, and this is simply because fewer sites are sampled at the regional level when compared
to the national level, resulting in flatter likelihood surfaces.
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Figure S6. Likelihood of infection probability versus effect of immigration for 4 departments in Peru. White star corresponds to the
maximum likelihood estimates: (α, φ) = (0.05, 10−3.1), (0.25, 10−3.25), (0.15, 10−3.25), and (0.05, 10−3.25) with
R0 = 0.41, 0.20, 0.81, 0.2 for Apurimac, Cajamarca, Lima, and Madre de Dios, respectively.
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S4.3 βN versus βR

Our model includes two infectious classes: the IN class in which bats can transmit rabies but their
infections are subclinical, and the IR class in which bats have developed clinical symptoms. There-
fore, we assumed that the corresponding transmission rates βN and βR can differ between these
classes because of, for example, differences in contact rates resulting from behavioral changes after
a bat develops clinical rabies. Specifically, as with other animals both furious and paralytic forms
of disease are possible. Furious animals actively seek and bite other individuals, while animals
with the paralytic form may be withdrawn, lethargic and irritable, but may still bite in response
to normal social interactions among bats. Each of these forms of disease are included in the IR
class. Non-rabid transmission between bats, the IN class, is expected to be the less important
form of transmission among bats, but may still occur when saliva is transferred through fight-
ing, allo-grooming or perhaps through regurgitation of blood between individuals during food
sharing. Non-rabid transmission, however, is critically important for transmission to humans and
livestock since bats in this class excrete virus in their saliva, but feed normally, thus exposing their
prey to rabies virus during feeding events.

Here, we describe the relationship between the transmission rates βN and βR. For illustrative pur-
poses we only show the results for model I, but each model tested results in similar relationships.
Using a relatively low effect of immigration, we observed that the optimal transmission rates βN
and βR strongly depend on the intrinsic basic reproductive ratio, R0 (Figure S7-A). Specifically,
for a given infection probability (α) and contribution of immigration to the force of infection (φ),
the relative magnitude of βN and βR are nearly indistinguishable given that the appropriate R0 is
attained (Figure S7-A,C). Importantly, by increasing the level of immigration we find that as the
level of immigration increases, lower transmission rates are favored which in turn decreases the
intrinsic R0 (Figure S7-B). Further, we note that while immigration φ is smaller than the MLE, the
optimal value of α tends to decrease as φ increases (from 0.35 to 0.1, respectively; see also Fig.
S8). This relationship is intuitive: the infection probability must decrease with greater rabies ex-
posure resulting from immigrating bats – otherwise, the population would ultimately be driven
to extinction.
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Figure S7. (Left, middle) Plots of the log likelihood value for βN versus βR for two values of the effect of transmission
(10−4.5, 10−3.25). Infection probability α is fixed at the corresponding maximum likelihood estimate for the given φ. (Right)
Associated intrinsic R0 values. In all plots, dark gray indicates that R0 > 3. This figure demonstrates that the relationship between
βR and βN only requires that the appropriate R0 is attained.

S5 Derivation of R0

We computed the intrinsicR0 value – or the basic reproductive ratio in the absence of immigration
– for each model I-IV using the next generation matrix ([18, 19]). For models I, III, and IV, we find
that

R0 = α

(
βN

1

(τ2 + µ)

τ1
(τ1 + µ)

+ βR
1

(δ + µ)

τ1
(τ1 + µ)

τ2
(τ2 + µ)

)
.

The resulting sum is multiplied by α, or the fraction of individuals developing lethal infection
following exposure. The first two elements of each term in the sum are the infection rate times
the infectious period for IN and IR, respectively. The additional element in the first term of the
sum discounts R0 by the death of individuals in the exposed class who do not contribute to the
chain of transmission; similarly, the second term in the sum discounts R0 by the death of exposed
individuals multiplied by the death of individuals in IN who do not contribute to the chain of
transmission in IR.

Model II, which allows for recovery from the infectious class that has not yet developed clinical
symptoms (IN ), has an additional term in the R0 value representing the proportion of individuals
who remain in the IN class following infection (ρ) so that

R0 = α

(
βN

1

(τ2 + µ)

τ1
(τ1 + µ)

+ βR
1

(δ + µ)

τ1
(τ1 + µ)

ρτ2
(τ2 + µ)

)
.
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Figure S8. Scatter plot of the optimal value of α for each φ where φ is lower than the MLE. Note the decreasing trend in α as φ
decreases.

S6 Sensitivity analysis: culling

In the main text, we provided an analysis of the change in seroprevalence and expected daily
exposure rate of livestock to IN bats following culling via vampiricide. Topical vampiricide is
an anticoagulent poison (typically warfarin) that is applied in a paste to the fur of bats that are
captured in the field. The treated bats are released and ingest the poison upon grooming. The
paste is thought to be spread to non-treated individuals through allo-grooming [20, 21].

The main text displayed our results for culling that removed 50% of the affected population. This
was accomplished by finding the mean seroprevalence over 1000 stochastic realizations in the year
immediately following a cull for each study site. Here, we demonstrate that our conclusions are
invariant to the percent of a bat colony effectively culled. As shown in Figure S9, for both culls
of 20% and 80% we still observe only a minimal change in seroprevalence regardless of whether
culling targets previously exposed bats. As demonstrated in Figure S9, this observation also holds
when considering IH prevalence only. We also again find that the exposure rate effectively changes
proportional to the culling percentage when averaged over the first year post-cull.

In our model we assumed that rabies transmission is frequency dependent because of the absence
of a significant relationship between seroprevalence and colony size [11]. However, if we instead
assumed that transmission is density dependent so that the force of infection is given by

λ = βNIN + βRIR + φ,

then transmission would decrease immediately following a cull. This is in contrast to the as-
sumption of frequency dependence, particularly in the case of indiscriminant culling, in which
transmission rates do not change immediately following a cull. However, given that the sero-
prevalence of infectious individuals is so low (Figure S9) the decrease in transmission is likely to
be short-lived and play a minimal role in the overall effects of culling.
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Figure S9. (A-C) Total seroprevalence, prevalence of IN bats, and mean daily exposure rate averaged over the first year following a
20% cull. The dark gray dashed line corresponds to the MLE and the black line corresponds to the case of no culling. The colored
lines indicate the degree of discriminant culling where dark blue is completely indiscriminate and dark red corresponds to culling
directly targeted at previously exposed bats. (D-F) Identical to (A-C) with an 80% cull. Parameters are fixed at their MLE (i.e.
α = 0.1, φ = 10−3.25, βN = 0.3535, βR = 0.707
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